On the basis of the reaction mechanism established in the preceding paper (this volume, p. 376), the changes in rate of photo-oxidation observed in intermittent light when a rate contribution is made by a simultaneous dark reaction have been rigorously analyzed. Using this analysis and the relevant experimental data, the velocity coefficients of the rate con trolling propagation and termination reactions have been separately evaluated for cyclohexene, 1-methylcycfohexene, dihydromyrcene and ethyl linoleate. The significance of the results in interpreting the finer details of the oxidation mechanism is discussed; and the numerical values are compared with similar data reported for polymerization systems.
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On the basis of the reaction mechanism established in the preceding paper (this volume, p. 376), the changes in rate of photo-oxidation observed in intermittent light when a rate contribution is made by a simultaneous dark reaction have been rigorously analyzed. Using this analysis and the relevant experimental data, the velocity coefficients of the rate con trolling propagation and termination reactions have been separately evaluated for cyclohexene, 1-methylcycfohexene, dihydromyrcene and ethyl linoleate. The significance of the results in interpreting the finer details of the oxidation mechanism is discussed; and the numerical values are compared with similar data reported for polymerization systems. A criterion for detecting anomalous effects due to intense light absorption is derived; further to the evidence presented in the preceding paper, ethyl linoleate undergoing oxidation in light of wave-length 2537 A is found to exemplify this behaviour.
I n t r o d u c t io n
In the preceding paper, a kinetic analysis has shown th at the photo-oxidation of certain olefins proceeds by a radical chain mechanism similar in all but the initiation process to th at established by Bolland for the analogous thermal reactions. The observed overall rate of oxidation, except a t low oxygen pressures, is determined by the rates of three elementary steps:
(а) The rate ri at which free radicals are produced in the initiation stage (б) The rate at which peroxide radicals R 0 2-react with the olefin I?H (velocity constant &3).
(c) The rate of mutual destruction of R0 2-rad The overall rate r is given by r = k2Jc6 *[-RH]rk
(1) so th at if ri can be separately measured, the composite rate constant k3 can be deduced. To estimate k3 and &6 separately it is necessary to make some other type of observation. The purpose of this paper is to report measurements of the rate of photo-oxidation in interm ittent light, as a function of the frequency of the light cycle, and to discuss the values of k3 and &6 thus obtained for a number of reactions.
T h e o r y of r e a c t io n r a t e i n in t e r m it t e n t l ig h t
The usefulness of rate measurements in interm ittent light extends in principle to any photochemical reaction in which the overall rate is dependent on any power of the light intensity other than the first. In particular, to photochemical chain reactions, such as those now under consideration, in which the chain termination process involves a reaction between two chain carriers (free radicals), and the overall rate is proportional to the square root of the light intensity. In these circumstances, the rate in interm ittent light depends on the frequency of interruption. At sufficiently low speeds, no radicals produced during one period of illumination survive until the next light period. Each cycle then promotes an independent reaction, and the total reaction observed is simply the sum of these. The other limit occurs when periods of darkness are so short th a t no appreciable decay of radical concentration occurs; the effect of interrupting the light is then the same as th at of reducing the intensity to a value equal to its average per cycle. In the particular case when the light and dark periods are equal, the rate a t high frequencies is 2i times th at at low frequencies. I t is clear th at the critical frequency range over which the average reaction rate changes will be determined by the lifetime of the radicals, and can therefore be used to determine this quantity. Several authors (Chapman, Briers & Walters 1926; Leighton & Noyes 1941; Burnett & Melville 1947; Swain & B artlett 1946; see also Rice 1942; Haden & Rice 1942) have discussed this type of problem quantitatively; our own approach differs only in detail but has been extended to the case of a system with a significant dark reaction. The total rate of chain initiation is then made up of two parts, rT (thermal rate, operative whether the light is on or off) and (j)i Ia (photo rate). From equation (1) In the appendix we calculate the mean rate r under interm ittent illumination in which the times of the light and dark periods per cycle are respectively and I t is convenient to express the result in terms of three dimensionless constants defined as follows:
No simple explicit solution has been found for the general problem, and the result has been left in the form
where x and y are implicit functions of K , w and (3 (see appendix).
Analysis of experiment at. data A single set of experimental observations consists of measurements of rD, rL and of r, the last as a function of 6. fi is determined by the experimental conditions, so th a t the only unknown in equation (5) is This equation cannot be solved ex plicitly for K and it is therefore necessary to proceed indirectly. Using the experi mental values of w and /?, it is easy to construct a curve of y as a function of K , from which can be read off the value of K , corresponding to each experimental value of y. Figure 1 gives a plot of y against log K for a number of values of w. In general, since w is normally constant, or nearly so, for a set of observations a t different 6, it is more convenient and less laborious to compare an experimental plot of y as a function of log 6 with a calculated curve of y against log K . I t will be seen from its definition (equation (4)) th at in such a series K should be proportional to 6, the other terms remaining constant. Hence the theoretical and experimental curves should be superposable by a linear displacement along the log K axis. In this way the whole set of experiments may be employed to obtain a mean value of the ratio OIK. To complete the calculation of k3 and by the procedure described in the previous paper, so as to eliminate ri} and thus obtain r,
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Since the rate of chain initiation is equal to the stationary concentration of the chain carrier divided by the average lifetime r per chain cycle, it is easily seen th at the ratio 6/K is actually equal to the value of r under conditions of continuous illumina tion. The lifetime r0 of an R 0 Z-radical is of course v times smaller.
Skin effects
The foregoing analysis assumes reaction to take place uniformly throughout the vessel, and it is important th at it should not be applied to experimental data obtained under conditions such that the photo-reaction is largely confined to a small region near the front surface of the cell. Methods of detecting such skin effects have been discussed in the previous paper. An additional criterion, which can be applied when reactions having an appreciable dark, rate are studied under conditions of inter m ittent illumination, arises from a consideration of the limiting rate at high frequencies. For homogeneous reactions this is given (see appendix) by r . = { (i+ « W (i+ A )} '-(8) In the limiting case when the whole of the photo-reaction occurs in a very thin layer, we can regard the observed reaction as made up of two p arts: (a) a dark reaction occurring continuously in the bulk of the material, and (6) a photo-reaction occurring in the surface layer; in this region the dark rate will be negligible compared with the light rate. Thus if rs and fs are the respective rates in the surface layer with con tinuous and intermittent fight, we have rL = r D + r s , r = rD + rs.
The limiting value of r jr s a t high frequencies is, from (8), (1 + and t value of r/rL is readily shown to be The difference between y 0 and e.g. for /? = 3, w = 0-30, we find y 0 = 0-56, y'Q = 0 applying this criterion to the data obtained from the oxidation of dihydromyrcene and ethyl linoleate at 2537 A a t 34° C. In agreement with the conclusions drawn in the preceding paper, the former appear comparatively free from skin effect, but the latter show it strongly.
E x p e r im e n t a l se c t io n
The only addition to the experimental arrangement described in the preceding paper was an opaque circular disk from which were cut two symmetrically spaced 45° angle sectors and which could be rotated between the light source and the tank lens. The disk was attached either directly or via gears to the shaft of a 15 V, 60 W, D.C. motor, whose speed was accurately controlled by resistances in the field and armature windings. The rate of disk revolution, which could be varied from 1200 to ffl r.p.m., was measured with the aid of a mechanical counter connected by chain drives through a 20:1 reduction gear to the motor shaft. Longer periods of intermittency than thus obtainable were often required, and a manually worked shutter was then employed.
Rate comparisons covering the whole range of 6 values were made with one sample of olefin. Measurements with interm ittent illumination were interposed with frequent measurements of the uninterrupted light rate; dark rates were measured as often as necessary to obtain a full record of its variation over the course of the experiments. Sector experiments with cyclohexene and 1-methylcycZohexene were carried out in light of wave-length 2537 A, but with dihydromyrcene and ethyl linoleate it was necessary to work at 3650A in order to avoid spurious results arising from skin effects. Rate comparisons a t 3650A are rather more difficult to perform than at the shorter wave-length owing to marked autocatalysis unless relatively high concentrations of hydroperoxide are present, which then lead to high dark rates. Compromise was sought between these undesired features as far as possible, and care was taken to compare the interm ittent light rate with the correct uninter rupted light rate. Plots of y against* log 6 for each of the four olefins investigated are given in figures 3 to 6. For simplicity in representation all the points for any one olefin have been referred to a uniform dark rate, although this was not necessarily the case experimentally. The individual points are positioned with varying accuracy. At the low sector speeds, the longer overall time required for the rate comparisons and the non-uniform interrupted light rates lower the precision of the y values. The smaller differences between the extreme y values as w increases (cf. figure 1 ) also contribute to a loss of definition of the displacement of the experimental from the theoretical curve. We consider th at this displacement is measured by the data now reported to within 0-1 unit of log 6.
The dependence of 6/K on Ia required by equation (4) has not been systematically investigated, but the data presented in figure 7 are consistent with the equation. With negligible dark rate, 0\K was increased 2-8 times by reducing 1\ by a factor of 3-2. 
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Discussion of results
The data relevant to the determination of and for each of the four olefins examined are collected together in table 1. Discussion of the results is conveniently separated into four sections.
(1) j Relative values of k3 and k6for the different olefins. The experimental precision is clearly insufficient to permit any significance to be attached to the differences in the corresponding propagation and termination rate constants of the cyclohexenes and dihydromyrcene. On passing to the 1 :4-ai-olefin, ethyl linoleate however, k3 substantially increases while remains sensibly the same. In oth words, under conditions of constant light absorption, changes in oxidizability occasioned by changes in olefinic structure reflect mainly at least the relative effectiveness of the propagation reaction, since the a t present unknown chemical reaction between the two peroxidic chain carriers appears to be insensitive to alterations in the structure of the parent olefin. This result justifies the use of the readily obtained rate constant product as a quantitative measure of the comparative ease of a-methylenie hydrogen atom removal by peroxide radicals (compare work by Bolland in course of publication).
T a b l e 1. T h e d e t e r m in a t io n of t h e pr o p a g a t io n AND TERMINATION RATE CONSTANTS A (A)
cyclohexene 2537 (2) Activation energies of k3 and k6. At a constant rate of initiation and negligible dark reaction, k6 varies as ( K / 6) 2 (equation (4)), and therefore coefficient of KjO affords an estimate of the activation energy of ke. Factors con cerned with volatility and the intrusion of high dark rates severely limit the tem perature range over which comparisons of the order of accuracy given above can be made. No change significantly larger than the experimental error was found in the respective K/d values between 0 and 30° C; in the case of 1-methylcycZohexene, which provides the most favourable conditions for accurate measurement, the difference in log {Kjd) between 0 and 15° C was less than 0-05. These data obviously cannot determine E Q , but they definitely establish th at does not exceed 5 kcal.g.mol.-1. The chemistry of the termination reaction remains to be elucidated, but the combination of two reactive free radicals is undoubtedly as facile as the above limit suggests. Although radical recombination is a common process in many well-investigated free radical reactions, positive information about the energies of activation is extremely meagre. In their well-known analysis of the energetics of gas-phase chain reactions, Rice & Herzfeld (1934) assumed a value of 8 kcal.g.mol.-1, which has since been tacitly accepted as correct by numerous authors. There seems little doubt now, however, that this estimate is too high, except for those radicals which exhibit substantial mesomeric stabilization. This point is emphasized by the recent determination of the propagation and termination con stants for the polymerization of vinyl acetate (Burnett & Melville 1947) and styrene (Bamford & Dewar 1948a and 6) , and the accessory estimates of the activation energies of the respective termination processes as 0 and 2-8 + 1 kcal.g.mol.-1. The interaction of two P 0 2-radicals may well be a more complex process than the termination reactions in the polymer systems referred to, and this may be reflected in a small increase in the comparable activation energy.
The assignment of an upper limit to P 6 also fixes a limit to In view of the fore going, we consider th a t E 3 can be taken without serious error as greater than the E 3 -\ E 3 values given in table 7 of the preceding paper (this volume, p. 390). No comparative data exist to check the precise validity of the E 3 values thus derived, but their order of magnitude is unquestionably correct. The signi ficance of E 3 differences from olefin to olefin has already been discussed by Bolland & Gee (1946) .
(3) Absolute values of lc3 and k6 and the steric factors Reactivity studies make it reasonably certain th a t some of the so-called transfer reactions in polymerization systems are analogous to the propagation step in olefinic oxidation in so far as they involve the detachment of an a-methylenic, or similarly activated, hydrogen atom from a molecule by a free radical (Gregg & Mayo 1948) . Bamford & Dewar (1948 a) have determined the absolute rate constants for the reactions of styryl radicals with aromatic hydrocarbons, and have found energies of activation of 14 to 19 kcal.g.mol.-1 and steric factors, P (defined by the rate equation k = 10UP q-EIRT) 0f 10-2 to 10-4.
In view of the uncertainties in the absolute values of E 3 and E e, the corresponding steric factors P3 and P6 cannot be estimated to better than an order of magnitude. The values obtained for P3 are 10-4 for cycZohexene and dihydromyrcene, and 10-5 for ethyl linoleate-somewhat smaller than Bamfprd & Dewar's values, but well in line with the conclusions reached by Steacie, Darwent & Trost (1948) concerning hydrogen exchange reactions with simple paraffins.
The steric factor of the termination reaction lies between 10-2 and 10-5, depending on whether E 6 in 5 kcal.g.mol.-1 or smaller. This range may be compared with the values found for interactions between radicals in the termination step of poly merization reactions. For vinyl acetate, Burnett & Melville (1947) find 10-2 and Swain & B artlett (1946) 10-3; for styrene, Bamford & Dewar (1948 a and 6) find 10-3.
(4) Decay in rate of oxidation immediately following cessation of illumination. The chain times given in table 1 imply th at the photo-rate of oxidation should not fall immediately to the dark rate on shutting off the light, but should exhibit a decay in rate extending over a few minutes. For the oxidation system now con sidered it can readily be shown th at
where A0 2 is the total oxygen absorbed during a time t after shielding the light. Accurate measurement of oxygen absorption during the decay period could therefore be used in conjunction with the value of k3k3 i to furnish an independent method of determining k3 and k8. For the experimental cond the decay is in fact too rapid for accurate measurement in the apparatus we have employed, but our observations are completely consistent with the sector findings. The total oxidation during one period of darkness is given by
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a pair of equations similar to (10) and (11) may be derived, viz. Equations (10), (12) and (14) together contain the complete solution. This may be obtained in a slightly more convenient form by an algebraic transformation. W riting new variables 
(y+ l)(wx+l)j'
The limits of (5) for K large (slow flashes) and K small (rapid flashes) are easily shown to be
I f w -0, i.e. if there is no dark reaction, an algebraic solution of equations (15), (16) and (17) is possible, and gives
where (1 + a ) has been written for e2K.
We wish to express our gratitude to Dr J. L. Bolland for valuable advice and criticism during the progress of the work described in this and the preceding paper, which forms part of a programme of fundamental research undertaken by the Board of the British Rubber Producers Research Association. The statistical theory of turbulence, initiated by Taylor (1935) and v. Karman & Howarth (1938) , has recently been developed so far th at a satisfactory explanation of the spectral distribution of energy among the turbulent eddies can be given. In fact Kolmogoroff (1941 a, b )and independently Onsager (1945) and v (1948) have introduced a similarity hypothesis, which allows a determination of the spectrum for eddies with large Reynolds numbers, and the author (Heisenberg 1948) has extended these calculations to include those frequency components which have small Reynolds numbers. Since the distribution of energy among the largest eddies must be a geometrical and not a statistical problem, one may say th at the statistical part of the spectrum is now well understood. Recently Batchelor & Townsend (1947 ) have studied the decay of turbulent motion caused by a mesh grating in a wind tunnel, and the following discussions will apply the statis tical theory to this problem.
For the calculations the notation of Heisenberg (1948) will be used. If pF(k)dk denotes the energy contained between the wave numbers k and k + dk, the following equation for the dissipation of energy was given (Heisenberg 1948, equation (13) 
):
Sk means the total loss of the energy of th at part of the spectrum th at is contained between k = 0 and k. The physical assumption underlying equation (1) is th at fo all eddies between 0 and k the action of the smaller eddies can be represented by an additional viscosity, since the way in which these smaller eddies transfer momentum On the theory of statistical and isotropic turbulence By W. H e is e n b e r g , Gottingen
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